Cyanobacteria blooms in marine waters are limited to only a few taxa with Trichodesmhm, Richelia, Nod&aria, and Aphanizomenon being most commonly observed. Nonhetcrocystous, nitrogen-fixing Trichodesmium spp. are found throughout low and mid-latitude oceans and seas of the Atlantic, Pacific, and Indian Oceans, and this genus is thought to be a major contributor to new nitrogen influx into these nitrogen-poor systems. Hcterocystous, nitrogenfixing Richelia and other cyanobacteria form unique symbioses with the centric diatoms, Rhizosolenia and Hemiaulus, in the North Pacific, Caribbean, and North Atlantic. Hcterocystous, diazotrophic, toxic Nodularia spumigena is restricted to brackish waters of the Baltic Sea and a coastal estuary of southern Australia and often arises from elcvatcd phosphorus input accompanying anthropogenic activities or vertical mixing processes. The nontoxic nitrogcn-fixing Aphanizomenon$os-uquae is also common in the Baltic, often co-occuning with Nodularia in the Baltic and Gulf of Finland but more often found in lower salinity areas of the region. Although each taxon responds to its environment uniquely, it appears that bloom production in the three free-living cyanobactcria largely supports an active microbial food web through dissolved organic compound flux to hetcrotrophic bacterial communities and their grazers.
Blooms of cyanobacteria are common to freshwater systems throughout the world, and although less frequently observed, can dominate carbon and nutrient flux in some saline waters. The few taxa that are observed in marine environments at bloom levels often dominate nutrient-poor surface waters over large geographic areas and variable time scales, with nitrogen fixation contributing a significant fraction of new nitrogen inputs to these systems. These halo-tolerant taxa include oceanic Trichodesmium spp., symbiotic taxa such as Rich&a intracellularis, as well as coastal varieties of Nodularia and Aphanizomenon. Trichodesmium, Noduluria, and Aphanizomenon also pose other problems as each can produce toxins creating health hazards for livestock, canine, and human populations (Francis 1878; SatB et al. 1963; Edler et al. 1985; Nehring 1993; Tenson 1995) .
The purpose of this review is to provide a general summary of the physiology, ecology, and toxicology of the most common cyanobacteria forming blooms in coastal and pelagic environments and includes those taxa that grow in brackish media (therefore eliminating several common forms such as Microcystis). It is by no means comprehensive; the reader should also consult other sources (e.g. Fogg 1982; Carpenter 1983; Paerl 1988; Carpenter et al. 1992; Sellncr 1992; Villarcal 1992; Codd 1994) .
Nodularia spumigena and Aphanizomenon jIos-aquae blooms
Bloom formation-Summer blooms of Nod&aria have been observed in the Baltic Sea since late in the last century Acknowledgments I express gratitude to D. Anderson for the invitation to contribute this review, to numerous colleagues for their willingness to provide refcrenccs, abstracts, and unpublished data at short notice, and to three external reviewers whose comments improved the quality and expanded the review's content appreciably. I also acknowledge J. Smallwood's assistance in figure preparations as well as ANS support for the time rcquircd to complete the manuscript. (Horstmann 1975; Niemi 1979 ) and may at times cover the entire Baltic Sea proper (LeppSinen ct al. 1995; Rantajlrvi 1995;  Fig. 1 ). In general, low nitrogen concentrations in summer and N : P ratios in the Baltic and its subbasins have been suggested as principal factors favoring cyanobacteria dominance in surface waters of the stratified Baltic Proper and Gulf of Finland (see Hobro 1979; Niemi 1979; Rinne et al. 1981; Kononen and Niemi 1984; Niemistb et al. 1989; Hiibel et al. unpubl.) , conditions similar to those favoring cyanobacteria dominance in freshwater systems (see Smith 1983; Kilham and Hecky 1988) . In Bothnia Bay where P rather than N limits phytoplankton production, blooms of these two species are rarely seen (Wulff et al. 1986; see Rosenberg et al. 1990; Kahru et al. 1.994) .
Bloom development is initiated through phosphorus enrichment of warm, stratified surface waters low in nitrogen (see Leppgnen et al. 1988; Wallstrijm 1988; Grankli et al. 1990 ) and may occur through the following mechanisms: upwelling of deep P-rich bottom waters into euphotic depths (Kononen and N6mmann 1992) , intrusions of cold, nutrientrich water along isopycnals of the southern Finnish coast (Kokkonen et al. unpubl.) , mcsoscale eddy-induced vertical mixing of nutrients from the halocline (Kahru et al. 1981) , and heating of surface waters following nutrient enrichment arising from wind-induced mixing (Kononen et al. 1996) . After P enrichment, Nod&via appears in calm open Gulf of Finland waters when light levels are high and water temperatures exceed 17°C (Edler 1979; Niemi 1979) . In the shallower enclosed Australian Peel-Harvey estuary, summer Noduluria blooms arc directly related to total river flow, maximum phosphate concentration, and phosphate loading from river flow during the previous winter (Lukatelich and McComb 1986) . Nutrients entering in winter support a spring diatom bloom that is subsequently remineralizcd to overlying euphotic depths, leading to a cyanobacteria bloom in the stratified estuary at tcmpcratures >2O"C. Recently, channel construction to the ocean has incrcascd flushing in the estuary and eliminated Nodularia blooms in the system (John and Chase unpubl.). (Nodularia spumigena, Aphanizomenon Ofloos-aquae) in the Baltic Sea, 1982 -1993 (Kahru et al. 1994 .
As the other dominant contributor to summer surface blooms of the open Baltic Sea, Aphanizomenon is an important nitrogen-fixing species in the region. The speciation of Baltic Aphanizomenon remains unresolved (see Janson et al. 1994b ) but for my review, the taxon will be referred to as A. jlos-aquae. Although Aphanizomenon co-occurs with Noduhria in many blooms of the Baltic and Gulf of Finland, Aphanizomenon prefers lower salinity waters and is most often found without its cyanobacteria counterpart in inshore regions of the archipelagos (e.g. Pliriski 1983; Niemistii et al. 1989; Tenson 1995) . Lehtim;iki et al. (unpubl.) have notcd that strain 183 isolated from the Baltic prefers salinities from 0 to 5%0, with declining growth rates at higher salinities; maximum growth rates were observed at temperatures from 16 to 22°C. They also found, as with N. spumigena BY 1, that high concentrations of phosphorus increased growth rates of A. jlos-aquae and high concentrations of inorganic nitrogen depressed N,-fixation rates. The phosphorus stimulation of culture strains of the two cyanobacteria has also been demonstrated for field populations (Horstmann 1975; Wallstriim 1988; GraMi et al. 1990 ).
Alkaline phosphatase has been measured in blooms of Aphanizomenon in the Askii archipelago of the Baltic Sea (WallstrGm 1988 cited by Gran6li et al. 1990 ) and Peel-Harvey Nodularin blooms. In the latter, highest alkaline phosphatase activity has been associated with senescing populations, reflectin:; intracellular P levels, primarily as polyphosphate pools (Huber and Hamel 1985~,b) . Phosphatase activity is minimal following periods of high ambient levels of soluble phosphorus and increases as cellular pools decline.
Seed populaticlns of these two taxa arise from two different mechanisms. Nod&aria forms akinetes-resting stages that overwinter n shallow sediments, germinating on exposure to optimal conditions with salinities <15%0 (Huber 1984; Blackburn et al. 1996) . Formation of the akinetes, at least in the Peel-Harvey estuary, increases as salinity increases (Jones et al. 1994 ) so that as the population crashes at salinities >305& in late summer, seed populations for the following year's I-eseeding have accumulated throughout the low-flow period. Baltic Sea Nodularia behave similarly. In summer, J. H. Christensen (E. GranCli pers. comm.) observed Nodularia trichomes containing akinetes on surf&l sediments of Aarhus Bay where presumably they overwinter for reseeding the following summer bloom. A. Jlos-aquae also forms akinetes (Wildman et al. 1975 ) but, in contrast to Nod&aria, it is always found in the water column (see Horstmann 1975) and "refuge populations" are found at depth (see Heiskanen and Olli 1996) to resume growth on introduction to warm, P-rich surface waters.
Buoyancy-Nod&aria and Aphanizomenon can regulate buoyancy via gas vesicle formation and through die1 changes in intracellular pools of several compounds. Rigid gas vesicles are unusually strong in both species collected from the open Baltic; inshore populations have weaker vesicles, suggesting regional regulation of buoyancy. Mean pressures required to collapse gas vesicles of open Baltic Aphanizomenon and Nodularia populations were 0.91 and 0.83 mPa, respectively, indicating that these populations could easily survive mixing to the 60-m pycnocline, ascending to surface depths at rapid rates, 22 and 36 m d-l, when placed at depth (Walsby et al. 1995) . On the other hand, vesicles of NoduZaria collected from the Arkona Sea and Mecklenburger Bight where water depths were <30 m collapsed at 0.34 mPa or pressures corresponding to depths greater than observed in the field (Walsby et al. 1995) . Buoyancy of senescent populations is positive as long as gas vesicles remain intact, thereby ensuring surface scums of dying and dead populations (Bursa 1968; Horstmann 1975; Lindahl ct al. 1980; Sijrensson and Sahlsten 1987) , critical to recycling of bloom production (see below).
Die1 changes in intracellular compounds also lead to temporal vertical heterogeneity in at least one of the Baltic bloom-formers: Aphanizomenon. In a recently completed (and unreviewed) program, Bergman et al. (unpubl.) suggested that this taxon may regulate daily buoyancy through die1 regulation of cyanophycin granule content. During the day, cyanophycin accumulates, likely in response to photosynthetically driven nitrogenase activity-increasing cell density and therefore sinking rate. As trichomes sink and photosynthesis ceases at night, cyanophycin content declines, leading to lower density; trichomes return to the surface. In contrast to regulated buoyancy through cyanophycin content, Kromkamp et al. (1986) have presented evidence that diurnal carbohydrate synthesis and nocturnal catabolism regulate buoyancy in a freshwater strain of Aphanizomenon, similar to the mechanism noted above for Trichodesmium (Walsby et al. 1995) . Regardless of the mechanism, Aphanizomenon seems to redistribute through the water column during the day. In the Gulf of Finland, an even distribution of Aphanizomenon over 15 m of the surface layer was noted during the day and a deep maximum formed toward evening (Kokkonen et al. unpubl.) . Similarly, Heiskanen and Olli (1996) reported diurnal accumulations at 3 m in Gulf of Riga Aphanizomenon blooms with accumulations at the surface and at 9-12 m at night. They attributed buoyancy control in Aphanizomenon to die1 variations in intracellular carbohydrate pools.
As noted above, the strong gas vesicles of Nodularia and Aphanizomenon ensure buoyancy and that the majority of bloom production is remineralized in the water column and not in the sediments of the Baltic Sea and Gulf OF Finland. Intact gas vesicles trap dead and dying trichomes of both taxa at the surface, hastening decomposition through excessive heating and photo-oxidation. This process-decomposition of aging, buoyant blooms-is the likely predominant fate of most of the summer blooms, descriptively detailed by Bursa (1968) and Hoppe (1981) . In brief, as trichomes age, they become twisted and interwoven, supporting increasing epibiotic colonization (fungi, bacteria, amoeba, ciliates, flagellates, rotifers, crustacean larvae): production of the associated community becomes increasingly dependent on bloom-produced dissolved organic matter. The release of organic C, N, and P increases as the bloom collapses and decomposes (e.g. Lindahl et al. 1980; Gabrielson and Hamel 1985) , with extracellular release accounting for 22-57% of primary productivity in decomposing populations (Hoppe 1981) . Schulz and Kaiser (1986, p. 255) have suggested that all nitrogen from cyanobacteria returns to the system through " . . . the exudation of organic matter by the cells and remineralization after its degradation." Release, in turn, stimulates bacterial activity and production and as the bloom becomes increasingly detrital, heterotrophy dominates.
Tamminen et al. (I 984) noted that the ratio of bacterial production to primary production reached 266% following an August 198 1 cyanobacteria bloom in the Gulf of Finland. Similarly, bacterial production (thymidine incorporation cell -') was strongly related to Aphanizomenon biomass in a decaying bloom in a frontal system in the Gulf of Finland in summer 1992 (Heinanen et al. 1995) . However, as discussed below, some Aphanizomenon strains may produce compounds that reduce bacterial attachment and microheterotrophic community development during a portion of their growth cycle, delaying bacterial-mediated decomposition of this cyanobacterium.
The increasing bacterial production of the decomposing Baltic Sea blooms, in turn, supports a larger and more complex microheterotroph community (Bursa 1968; Hoppe 1981; Smarda et al. 1986; Wulff et al. 1986 ) and regeneration of inorganic N and P pools (Niemi 1979; Gabrielson and Hamel 1985; see also Hubcr 1986; Lukatelich and McComb 1986 ) through elevated remineralization rates in surface waters. Kuparinen et al. (1984) estimated that 80% of summer (May-September) production, including the JulyAugust cyanobacteria bloom, was mineralized in the pelagic zone; all primary production and most total pelagic respiration occurred in the upper 20 m. Wulff et al. (1986) reported similar remineralization rates with 90% of the nitrogen assimilated during summer recycled in the water column, supporting conclusions by Heiskanen and Kononen (1994, p. 175 ) that ". . . most of the [summer] cyanobacteria were decomposed within the surface layer." Thus, production in Aphanizomenon and Nod&aria blooms in the Baltic and Peel-Harvey estuary is largely cycled through bacteria and a bacteria-dependent microbial food web in mixed surface waters of the region.
Sedimentation-Consistent
with high remineralization of buoyant, aging bloom populations in surface waters, scdimentation of summer cyanobacterial production is modest in the Baltic Sea or Gulf of Finland (Table 1) . Forsskihl et al. Table I . Sedimentation in blooms of Nodularia (Nod) and Aphar, izomenon (Aph) ( 1982) and Kuparinen et al. (1984) reported maximum sedimentation losses in the spring diatom bloom, with minimum loss rates in late autumn following the cyanobacteria bloom. These investigators and others have suggested that sedimentation is low for vegetative populations, perhaps only increasing after decomposition in the surface mixed layer destroys cellular integrity and vesicles and detrital aggregates slowly settle to the pycnocline and below (e.g. Gundersen 1981; Hoppe 1981).
Grazing-Mesoand microzooplankton are not major direct consumers of cyanobacteria production in the recurring blooms of the Baltic Sea nor the Peel-Harvey estuary. Early work (Hcerkloss et al. 1984a,b) indicated that summer Baltic cyanobacteria blooms depressed zooplankton biomass and the fractions of phytoplankton biomass grazed by the dominant copepods approximated 3% vs. 10% in spring, leading to the conclusions that ". . . energy flow through the grazing food chain becomes unimportant in the summer" (Heerkloss et al. 1984a ). In more recent experiments, Sellner et al. (1994, 1996) reported minimal clearance rates for dominant Baltic copepod populations (Acartia bi$losa and Eurytemora ajfinis) offered the bloom-forming taxon. Clearance rates on Noduluriu approximated 0.01 ml (copepod d)-.' for Acartia and 6.1 for Eurytemora, when trichomes of the cyanobacterium comprised 12% and 41% of a phytoplankton assemblage made from a mix of cultured Nodularia and <63-pm natural assemblages. Clearance rates on a noncyanobacterium provided at similar densities were 0.7 and 4.8 ml (copepod d ') I. As noted for Nodularia, copepod herbivory was also low when feeding on Aphanizomenon. For Acartia, Aphanizomenon was not readily grazed at all with clearance rates from <O.Ol to 0.05-t-0.02 ml (copepod de ')-I; rates for Ewytemom [0.3-6.4 ml (copepod d-')-'I were higher than for Acurtia but still low.
The low clearance rates for Acartia and Eurytemora noted above mirrored fecundity in the copepods, with depressed egg production at increasing levels of the cyanobacterium. Bloom levels of Nodulariu (2 l-261 pg C liter-') depressed egg production from 21.652.0 to 0.3kO.l eggs (copepod dam ') -I in Acartia and from 21.4kO.8 to 7.5+ 1.0 in Eurytemora. These results indicate that copepod production during recurring summer blooms of this cyanobacterium would likely depress secondary production in the dominant planktonic copepod populations of the region (as noted by Heerkloss et al. 1984b ; see above) and further, that little of the bloom's production would be consumed by these planktonic herbivores in the Baltic Sea and Gulf of Finland: copepod herbivory woulc! not be important to remineralization of Nodularia production.
Low copepod herbivory was not universal for all the mesozooplankton. 'There is some suggestion that the cladoceran Bosmina longispina maritima might bc an important herbivore during extl:nsive blooms of Noduluriu. Sellner et al. (1994) reported that individuals collected from areas dominated by Nodularia were rich in echinenone, an accessory carotenoid pigment of the cyanobacteria; Acartia and Eurytemora contained little. Further, populations of this cladoceran seem to fluctuate with numbers of cyanobacteria. In 1995, blooms were initially present in early summer, accompanied by the cladoceran; due to low water temperatures and winds, the bloom disappeared as did the cladoceran. Even though some Ncdularia and Aphanizomenon returned Bosmina was not seen again that summer (J. Engstrom pers. comm.), paralleling similarly strong dependence of the cyanobacteria and Bosmina abundance in other systems dominated by cyanobacteria (e.g. Sellner et al. 1993) .
As noted in the discussion of Nod&aria succession, aging blooms provide microhabitats for diverse assemblages of nanomicroheterotrc,phs in a bacteria-dominated communityindicative of a well-developed microbial food web. However, some of the community is large enough and functionally competent to permit direct grazing on the cyanobacteria. In recent experiments with Nodularia (Scllner et al. unpubl. data), copepod nauplii were able to graze the cyanobacterium, albeit at very low rates [53-61 ~1 (nauplius d -')-'I, across a concent:ration range of 0.2-4.2X 10" Noduluria filaments ml -I. Ratl:s on Aphanizomenon were -I O-fold lower, following the pa:tern noted for adults; rates ranged from 2 to 6 ~1 (naupliu!; d-l) ' across the same range of filament concentrations. As abundant members of the Nodularia heterolrophic assem3lage, rolifers might also be potentially important in direct consumption of bloom production, as suggested by Horstmann's (1975) observations of Cwo Kerutella spp. eating single cells from Aphanizomenon trichomes. However, grazing by Synchaeta baltica, a common plankter in 1995 Nodulurra blooms of coastal southwestern Finland, ranged from undetectable to 20 ~1 (rotifer d-l) ' across the Nodularin concentration noted above; clearance rates were undetectable for Synchaeta feeding on Aphanizomenon. At these rates and rotifer densities observed in the area (<50 liter-'), herbivory by these microzooplanktors would remove only trivial portions (<<I %) of bloom biomass daily. These minimal loss rate:; attributable to copepod and rotifer grazing suggest that most of the bloom production probably passes through the dense and active bacterial community of the blooms and the complex and extended microheterotroph community described by Hoppe (198 l), characteristic of a microbial-based food web.
Nitrogen fixation-As nitrogen-fixing cyanobacteria, Nodularia and Aphanizomenon are responsible for major nitrogen inputs in the Baltic Sea and, at least for Nodularia, the Peel-Harvey estuary. Nitrogen fixation is localized in heterocysts within each taxon, with heterocyst number and fixation inversely related to available inorganic nitrogen pools (Lindahl et al. 1978; Moisander et al. 1996) and directly correlated with phosphorus availability (Wallstriim 1.988; GranCli et al. 1990 ). Temperature and salinity also modify nitrogen fixation in the two taxa. For Nodularia, Grandli (pers. comm.) has reported cessation of nitrogen fixation at salinities >15%u, even though growth continues through 25°C. Similar depressions in nitrogen fixation were noted for Aphanizomenon grown at 20%0 (Moisander et al. 1996) . Nitrogen inputs from diazotrophic activity are high in both the Baltic Sea and in the Peel-Harvey estuary. In the latter system, nitrogen fixation in Nod&aria blooms common in summers of 1978-1983 contributed 44-58% (309-497 t) of the total nitrogen load, equivalent to river loads for the same period (Huber 1986). Baltic Sea nitrogen fixation contributes similar or slightly lower relative amounts to total N inputs (Table 2) , although there are substantial differences of opinion in fixation contributions. Jansson et al. (1984) suggested that nitrogen fixation might approximate total nitrogen added from runoff and atmospheric deposition. This estimate is countered by an estimate of 15% of the total external nitrogen supply (Larsson ct al. 1.985). Similarly low contributions have been estimated by the MERININNI group (see Leppgnen et al. 1988) .
Heterogeneous distributions of surface populations of the cyanobacteria ensure patchiness in N,-fixation rates in the Baltic. In the Arkona Sea in summer 1974, most nitrogenfixation rates ranged from 0.2 to 1.5 pg N (liter h-l)..' with a maximum of 2,250 in a surface aggregation of cyanobactcria (Htibel and Hiibel 1980) . Lindahl (1980 cited by SC rensson and Sahlsten 1987) measured rates of 0.1 pg N (liter d '> I in an August 1982 Nodularia bloom in the southern Baltic. In inshore waters, rates as high as 0.1 g N m * have been observed for the Nodularia-dominated Stockholm archipelago (August 1975 , Lindahl et al. 1980 . Although area1 contributions of nitrogen from diazotrophic activity are large in the Baltic and Australian systems, nitrogen fixed by the cyanobacteria represents only a fraction of total nitrogen demand by the phytoplankton. Lindahl and Wallstrdm (1985) estimated that N, fixation contributed only 8% and 1% of the nitrogen required for primary production of coastal areas of the Baltic Proper and Bothnian Sea, respectively. In a separate 2-month study off southeastern Sweden, nitrogen fixation provided -10% of the nitrogen required for measured primary production (0.6 g N m 2 and 62 g C md2, Lindahl et al. 1978) . Wulff et al. (1986) suggested that nitrogen fixation provides 3% of annual nitrogen demand by the phytoplankton. Nitrogen fixation during a bloom of Noduluria in August 1982 provided only 16% of the total nitrogen utilized by ambient phytoplankton assemblages (SBrensson and Sahlstcn 1987) . Thus, although nitrogen fixation imparts a competitive advantage to cyanobactcria in nitrogen-poor waters, other sources of new nitrogen (atmosphere, Auvial) and nutrient recycling are the primary sources of nitrogen for maintaining the observed community Table 3 . Area1 extent of Tricho&snzium blooms in oceanic sysproductivity, at least in the Baltic Sea.
tems.
Toxin production-N. spumigena produces nodularin, a hepatotoxin which inhibits protein phosphatase activity as well as promoting tumor development (Sivonen unpubl.). Ingestion of water containing the cyanobacterium has caused livestock and canine mortalities in Scandinavia and Australia (Francis 1878; Edler et al. 1985; Carmichael 1994; Codd 1994) as well as fish and crab avoidance of the Nodulariadominated Peel-Harvey estuary (Lukatelich and McComb 1986) . There is large variability in toxin production between strains of this taxon. In N. spumigena strain BYl, toxin production is directly related to growth rate, decreasing with availability of inorganic nitrogen in the medium and increasing in the presence of bacteria in culture (Lehtimaki et al. unpubl.) , results similar to those reported by Carmichael et al. (1988) for halophilic strain L575 from New Zealand. In contrast, Blackburn et al. (1996) noted an increase in toxin production in stationary-phase cultures of an Australian strain, although toxin production declined at salinities that depressed growth rates of the isolate.
Nodularin is characteristic of cyanobacteria blooms of the Baltic and low-salinity inshore waters of New Zealand and Australia. Toxicity (mouse bioassays) of Baltic bloom cyanobacteria was directly related to the relative contributions of N. spumigena in the community with all 14 isolated strains of Nodularia producing toxin; toxin concentrations were ~2.4 mg g-l freeze-dried cells (Sivonen et al. 1989 ). In the Orielton lagoon (Australia), nodularin concentrations [2-3.5X lo7 pg(g dry wt))'] were highest during peak levels of Nod&aria with content declining as lysing cells released toxin into the water column (Jones et al. 1994 ). Health concerns over potential ingestion of shellfish containing Noduluria has lead to discouragement of shellfish consumption in western Australia (Falconer et al. 1992) .
The absence of classical toxins and toxicity in Baltic A. jlos-aquae from brackish-water cyanobacterla assemblages and isolated strains (Sivonen et al. 1989) indicates that the common hepatotoxins and neurotoxins are likely not expressed in this low-salinity, bloom-forming species. However, several observations suggest that this cyanobacterium is producing some compound(s) which may alter plankton composition and activity in at least some environments, including the Baltic Sea. First, freshwater strains can induce death in fish and some crustaceans (e.g. Gentile and Maloney 1969). Second, other intracellular pools (e.g. lipids, aphantoxins, cyclic peptides) in A. jlos-aquae (strain NH-l) can inhibit growth of some phytoplankton such as Chlorellu (Ikawa et al. 1994 ) as well as movement of feeding appendages in Daphnia (Haney et al. 1995 local water quality in some regions through the production of some unknown compound or compounds, governing system metabolism and retarding nutrient cycling that would not be explicitly obvious in routine monitoring of hepatotoxins common to other noxious cyanobacteria.
Trichodesmiunz blooms
The nonheterocystous cyanobacterium Trichodesmium is ubiquitous in tropical, subtropical, and temperate seas, forming some of the largest phytoplankton aggregations ever observed (3.5X lo:, km* in the Arabian Sea, Capone et al. unpubl.; Table 3 ). Five species of Trichodesmium have been noted, with T. cvythraeum and T. thiebautii most common in oceanic blooms, and minor contributions from T. tenue, T. hildebrandtii, and T. contortum (Janson et al. 1995b ). The procaryote appe,us as free trichomes (e.g. Saino and Hattori 1980) or alternatively as colonial puffs or tuffs (radial and parallel arrangement of trichomes in a colony, respectively).
There are few data on the source of Trichodesmium populations for bloom development. However, blooms generally require calm conditions and water temperatures >21"C (Marumo and Asaoka 1974; Carpenter and Price 1976; Carpenter and Remans 199 1; Suvapepun 1992) and, as noted for Baltic Sea Ilbdularia populations, phosphorus may enhance growth (a?e below). In addition, iron is required for nitrogen fixation (nitrogenase and superoxide dismutase)-critical to growth and production in oligotrophic seas (see Capone et al. 1990; Rueter et al. 1990; Ohki et al. 1991; Paerl et al. 1994 ).
When present, blooms of Trichodesmium dominate phytoplankton biomass and productivity in oligotrophic seas, with subsequent advection throughout oceanic basins (e.g. the North Atlantc, Lipschultz and Owens 1996). Carpenter and Price (1977: estimated that blooms 0 Trichodesmium accounted for >56% of total surface chlorophyll a and 20% of total primary production in the eastern Caribbean Sea. In later work, Carpenter and Romans (199 1) estimated that Trichodesmium chlorophyll for the tropical North Atlantic Ocean approxim;.ted 2.5-12.5 mg rnd2 over the upper 50 m, and picoplanktonic chlorophyll a, normally accepted as the dominant autotroph in oligotrophic systems, approximated 2.5-5 mg m-*. ln a coastal area further north, the Georgia Bight, T. thiebautii accounted for >50% of the particulate organic in July surface samples (Dunstan and Hosfood 1977) , and off Barbados, G. A. Borstad (1.978) attributed 50% of total chlorophyll and primary production to Trichodesmium. Karl et al. (1992) noted that a Trichodesmium bloom oPf Hawaii enriched surface chlorophyll, adenosine triphosphate (ATP), particulate C, and particulate N concentrations by >3,000-fold. Similar observations have been made for primary productivity. Karl et al. (1995) reported a 40-60% increase in productivity in the subtropical Pacific Ocean in 1991-1992 due to circulation patterns that favored Trichodesmium development. In the Arabian Sea in May 1995, a Trichodesmium bloom elevated carbon-fixation rates 50-100 times, from <O.l mg C (m3 h-l))' in nonbloom samples to 5-10 in surface waters of the bloom (Capone et al. unpubl.), matched by carbon-fixation rates of 500 mg C (n-j h-l)-' in coastal blooms of the cyanobacterium off India (Devassey et al. 1979b ).
Buoyancy-Trichodesmium possesses strong gas vesicles, enabling mixing to depths exceeding 100 m (Walsby 1978). The cyanobacterium also experiences daily vertical migrations, governed largely by changes in intracellular carbohydrate concentrations (Villareal and Carpenter 1990) suggesting that, as noted for Aphanizomenon, carbohydrate ballast controls buoyancy in this procaryote, at least on a daily basis. Using these observed patterns in carbohydrate metabolism, coupled to die1 respiration and photoinhibition, Kromkamp and Walsby (1992) have simulated Trichodesmium distributions for field populations. Other species of Trichodesmium modify buoyancy control by regulating polyphosphate pool sizes in addition to carbohydrate content. Romans et al. (1994) noted increasing intracellular concentrations of polyphosphate in T. tenue from morning to evening, accounting for 20% of the density increase attributable to diurnal carbohydrate accumulations.
Tropho-dynamics-As in the Baltic Sea blooms of Nodularia and some Aphanizomenon populations, Trichodesmium supports a large and active microheterotroph community. Colonies are often associated with bacteria, other cyanobacteria, fungi, protozoans, several dinoflagellates, diatoms, harpacticoid copepods, and hydroids (Borstad and Borstad 1976; Geiselman 1977; Borstad and BrinckmannVoss 1979) . There is also a large and active bacterial community associated with the cell junctions and intertrichome spaces of Trichodesmium as well as filamentous bacteria along and beneath the sheath of the cyanobacterium (Carpenter and Price 1977; L. E. Borstad 1978; Paerl et al. I989a; Siddiqui et al. 1992a; Capone et al. 1994) . It is likely that carbon fixed by bloom populations passes to the heterotrophs of this assemblage through dissolved organic nitrogen and carbon (DON and DOC) . This was suggested in early studies of "N partitioning in size Fractions of natural plankton from a bloom (Bryceson and Fay 1981) . More recent measurements suggest that release of organic nitrogen substrates is high. Capone et al. (1994) measured release of glutamine and glutamate, two amino acids synthesized during nitrogen fixation, in T. thiebautii from Caribbean and Bahamian waters. Although the release of these two amino acids represented only 3% of the carbon fixed by the cyanobacterium, the amino acids appearing extracellularly averaged 67% of the nitrogen fixed daily, in good agreement with release OF [ISN]DON approximating 50% of total nitrogen fixed each day (Glibert and Bronk 1994) , and provide a possible explanation for the 3-fold increase in DON noted during a Trichodesmium bloom off Hawaii (Karl et al. 1992) . These data suggest that previous estimates of total nitrogen fixation derived from particulate pool measures likely underestimate fixation by half and that heterotrophic uptake of dissolved Trichodesmium production might represent the dominant flow OF nitrogen and carbon in the low-latitude blooms of the tropical and subtropical oceans.
Although not as important to bacteria in the nitrogen-limited oligotrophic oceans dominated by Trichodesmium, the release of DOC as potential substrates for the bacterioplankton is substantial. Release rates from 0 to 18% of daily carbon fixation have been reported for Trichodesmium populations from off Barbados and in Japanese waters (G. A. Borstad 1978; L. E. Borstad 1978; Shimura et al. 1978) while there is a constant production of a glucose-and mannose-rich trichome mucilage (Borstad and Borstad 1976).
The data above reflect accumulations of dissolved organic compounds from actively growing or apparently healthy Trichodesmium populations. However, decomposition of surface blooms is likely the dominant fate for these low-latitude populations. There are numerous references for Arabian Sea and Indian Ocean blooms that suggest that blooms remain largely ungrazed and decompose, resulting in elevated ammonium levels and a succession of diatoms, dinoflagellates, and their grazers (Qasim 1970; Devassy et al. 1979a,b; Devassy 1987; Nair et al. 1992) . Steven and Glombitza (1972) , L. E. Borstad (1978) , Borstad (1982) , and Carpenter and Price (1977) have presented similar arguments for waters off Barbados and for blooms of the Caribbean and Sargasso Seas.
Bacterial uptake of small organic compounds within the bacteria assemblage of colonial Trichodesmium has been demonstrated previously. Amino acids, glucose, fructose, and mannitol were all taken up by bacterial rods in a Trichodesmium assemblage while filamentous bacteria of the sheath preferred mannitol; little of the labeled organic material was taken up by the cyanobacterium (Paerl et al. 1989a) . Glutamate was also readily incorporated, with K, ranging from 1.59 to 3.24 PM for three measurements in T. thiebautii colonies collected from the North Atlantic Ocean near Eleuthra. These data suggest that the bacteria are adapted to higher concentrations of glutamate in the colony as the half-saturation constants were -loo-fold higher than ambient concentrations (Capone et al. 1994 ). These substrates likely support an active bacterial community in a mutualistic association between cyanobacteria and heterotrophic bacteria in the colonies, with cyanobacteria providing organic and physical substrates for the bacteria and heterotrophic bacteria providing anaerobic microzones and cofactors needed for nitrogen fixation and growth in the cyanobacteria (Paerl and Bebout 1988; Paerl et al. 1989a) . It therefore seems that, just as in Nodularia and Aphanizomenon, bloom production in Trichodesmium is likely supporting a large and active microbial food web, with microheterotrophy being important to mineralization of accumulated cyanobacterial production.
The importance of higher trophic levels in processing Trichodesmium production seems to be more important than in Fig. ? ), with Macrosetella consuming 33-4.5% of total T. thiebautii colony nitrogen each day, equivalent to 100% of the new nitrogen fixed daily; in turn, the copepod excretes 48% of its body N each day, recycling much of the ingested colony nitrogen into the colony biotope (O'Neil et al. 1996) . Other harpacticoid copepods, including Miracia efferata and Oc.xlosetella gracilis, also graze Trichodesmium with total consumption removing 3.7 and 1.1% of each colony hourly; los:;es attributable to Macrosetellu approximate 1.5% h-'. (1991) estimate OF 6.3-31.3X IO" mol N yr'; Lipschultz and Owens (1996) also urged restraint in accepting that half of the North Pacific Ocean's new nitrogen in surface water is derived from Trichodesmium blooms (see Karl et al. 1992) .
Nitrogen fixation in this procaryote is remarkable considering that Trichodesmium does not contain heterocysts and there is no detectable spatial or temporal segregation of the enzyme activity required for either nitrogen fixation-an oxygcn-sensitive process-or photosynthetic production of oxygen (except possibly T. contortum; Janson et al. 1994a) . Nitrogenase, the oxygen-sensitive enzyme responsible for nitrogen fixation, occurs throughout the cell and is randomly spread throughout Trichodesmium colonies (Paerl et al. 1989b; Bergman and Carpenter 1991) . Similarly, phycobiliproteins, carboxysomes, ribulose 1,5-biphosphatc carboxylase/oxygenase (Rubisco), and photosynthetic ability are also found throughout Trichodesmium cells (Carpenter et al. 1990; Li and Lee 1990; Siddiqui et al. 1992b; Bergman et al. 1993 ). Further, nitrogenase activity and nitrogen fixation are light-dependent processes that have an endogenous die1 rhythm of nitrogcnase activation (Saino and Hattori 1978; Capone et al. 1990; Carpenter et al. 1993) , with photosynthesis providing reductant and energy for N, fixation.
Several mechanisms have been proposed permitting simultaneous oxygen production and oxygen-sensitive nitrogen fixation. First, cytochrome oxidase, a respiratory enzyme reducing molecular oxygen generated during photosynthesis, is found throughout Trichodesmium cells and is strongly correlated with nitrogenase in this cyanobacterium ( (Kana 1992). Third, Rubisco acts as an oxygenase in midday in Trichodesmium (Siddiqui et al. 19926; Carpenter and Roenneberg 1995) , accompanying decreasing carboxylase activity (Li et al. 1980 )-both coincident with high rates of nitrogen fixation (Saino and Hattori 1978; Capone et al. 1990 ). Fourth, Trichodesmium also contains superdioxide dismutase (SOD), a Fe-rich metalloenzymc responsible for removing oxygen radicals generated during photoreduction of oxygen (Cunningham and Capone 1992) . Previous work with other organisms has shown that in some cells exposed to elevated oxygen, SOD activity increased as oxygen tensions were elevated. Finally, uptake hydrogenases may also be present in Trichodesmium further protecting nitrogenase from oxygen inactivation (Saino and Hattori 1982) . These processes, aided by aperiodic anaerobic microzones formed in colonies or aggregates via self-shading and bacterial-microheterotroph-mediated respiratory demand (see Paerl and Bland 1982; Paerl and Bebout 1988; Paerl et al. 1989a) , likely provide intra-and extracellular conditions favoring coexpression of carbon and nitrogen fixation in Trichodesmium aggregates and may help explain the preponderance of such morphologies in the first place.
Trichodesmium obtains virtually all of its nitrogen through nitrogen fixation (Carpenter and McCarthy 1975; Carpenter and Romans 1991) . Nitrogen-fixation rates in Trichodesmium blooms range from 87 to 252 pg N (trichome h--l) ' (see Carpenter and Capone 1992) . Widely variable integrated rates are also reported, as a function of trichome density through the water column. Capone et al. (unpubl.) Villareal (1995) argued that nitrogen fixed in planktonic Trichodesmium populations off Belize is imported into the coral reef system, fueling reef nutrient cycling during and after the blooms. As noted for Nod&aria, Trichodesmium growth may also be stimulated by phosphorus. Carpenter and Price (1977) suggested that Trichodesmium abundances in the Caribbean Sea and the slope and Gulf Stream of the Sargasso Sea are higher than in the other areas of the North Atlantic because of elevated P concentrations derived from circulation through P-rich shallower water. Karl et al. (1992) postulated that die1 migrations of Trichodesmium north of Hawaii act to transfer phosphorus from depth to surface waters where growth of the procaryote is ensured from the polyphosphate granules formed at depth. Lipschultz and Owens (1996) have argued that this mechanism might explain vertical heterogeneity in dissolved phosphorus and nitrate in the Sargasso Sea. Several researchers have reported P limitation in Trichodesmium blooms (Mague et al. 1977; McCarthy and Carpenter 1979; Karl et al. 1992 Karl et al. , 1995 , favoring the production of alkaline phosphatase, with production inversely related to the availability of inorganic phosphorus in the medium (McCarthy and Calpenter 1979; Karl et al. 1992) . Future research might focus on the role of P availability in bloom development and the elevation of new nitrogen input in oceanic regions that are normally N limited.
Toxin prodwtion-Only one Trichodesmium species, T. thiebautii, has been found toxic, although other species have produced death:; in a suite of field situations (Table 5 ). In general, neurotoxins, specifically through cholinesterase inhibition, have impacted representatives of most trophic levels tested. In addition, localized poor water conditions have also developed from accumulations and decomposition of these blooms, leading to low concentrations of dissolved oxygen and in one case, elevation of potentially toxic metals. In one case, a Trichodesmium bloom has lead to "Trichodesmium-fever" in a seaside community (Sat6 et al. 1963) , although the causative agent remains unidentified.
Toxins in other cyanobacteria bloom formers Although Noc;'ularia, Aphanizomenon, and Trichodesmium form the most conspicuous marine cyanobacteria blooms, there are report,; of other cyanobacteria that produce high biomass and associated health hazards. Codd (1994) has summarized these rarer observations, indicating that at least three taxa, Lyngbya, Schizothrix, and Oscillatoria, form coastal blooms that produce toxins leading to skin irritation (dermatitis) and tumors. The suite of toxins associated with these blooms include lyngbyatoxins-A, -B, -C, aplysiatoxin and its brominated derivatives (bromo-and dibromoaplysiatoxin), and oscillatoxin-A (Moore et al. 1993 and Fujiki et al. 1993 cited by Codd 1994). There are also reports of net-pen liver disease in salmon pens of Washington and British Columbia that are caused by microcystin-related compounds (Anderson et al. 1993 cited by Codd 1994) . Although no cyanobacterium has been identified as the causative agent, necrosis and hepatic megalocytosis typical of microcystininduced toxicity, have been noted in penned salmon; compounds isolated from diseased fish have identical chromatography and inhibit the same molecule, protein phosphatase, as microcystin.
Cyanobacteria-diatom symbioses and epiphytic cyanobacteria
In oceanic Pacific, Caribbean, and tropical and subtropical Atlantic waters, small filamentous cyanobacteria (R. intracellularis) are often associated with centric diatoms. This cyanobacterium has been found at densities > lo3 trichomes ml I and covering areas >3.5X 10" km2 (Venrick 1974) in tropical and subtropical seas and may have evolved a symbiotic association for the diatom in nitrogen-poor oceanic areas, as the host is often Free of the cyanobacterium under nutrient-replete culture conditions (Villareal 1990) . The procaryote has been observed as the endosymbiont in at least 12 Rhizosolenia taxa and may also occur in Hemiaulus, Bacteriastrum, and Chaetoceros (Villareal 1992) . In contrast to the absence of intracellular segregation of enzymes and storage products for nitrogen fixation and photosynthesis in Trichodesmium, these processes are highly compartmentalized in Richelia. Nitrogenase is found only in the heterocyst and Rubisco, carboxysomes, and glycogen granules are noted in vegetative cells of the symbiont (Janson et al. 1995a ). Richelia fixes nitrogen in the light, with rates ranging from 3.8 to 9.5 pM C,H, (trichome h-') I for North Pacific blooms and laboratory-isolated populations (Maguc et al. 1977; Villareal 1990) . With the data of Villareal (1992), these rates would account for N contributions of 5.6-6.4 mg N (m* d-') -I for a 1972 RicheEia bloom or 28-32% of total phytoplankton nitrogen requirements. Similarly, N fixation in a 1969 bloom studied by Venrick (1974) would yield from 9 to 1.8 mg N (m* d-') I, With C : N of 6.2 in the particulate matter, this N fixation would support productivities of 28-56 mg C (m2 half-day-l) ' or 18-36% of total phytoplankton production. The Richelia-supported production, in turn, would account for between 45 and 91% of the production increase that accompanied the transition from nonbloom to bloom conditions. Richelia or a closely related cyanobacterium is also found in a symbiotic association with Hemiaulus. These symbionts have been noted in 72-100% and >91% of all Hernia&s observed in samples from north of Hawaii and in the Caribbean (Heinbokel 1986; Villareal 1994) with lesser frequencies for waters of coastal California and farther offshore (16-62%, Kimor et al. 1978) . Nitrogen fixation in the symbiont has been measured, using acetylene reduction, at 2.3-5.2X10-I3 M ethylene (cell h-') I, or rates 2.2-5.2 times lower than for Richelia-Rhizosolenia (Villareal 1991) . Due to its predominance over Rhizosolenia in the southwestern Atlantic Ocean (Villareal 1991 (Villareal , 1994 , this symbiont may contribute from 18 to 45 times as much nitrogen as RicheliaRhizosolenia (Villareal 1991) . In the North Pacific, assuming 1 symbiont per Hernia&s and diatom densities of 100 cells liter I, Villareal (1991) estimated that the symbiont could fix 4.8 pg-atoms N (m2 d-l) I or 15% of the total nitrogen fixation for the region.
The fate of the diazotrophs and hosts remains unclear.
Although no data are available, moribund RhizosoEenia populations clump into raftlike aggregations and, with no rigid gas vesicles to maintain buoyancy as in the cyanobacteria, sinking to aphotic depths is a likely fate (Villareal 1992).
Although few data exist, epiphytic cyanobacteria on Sargassum also contribute to new nitrogen reservoirs in the tropical and subtropical North Atlantic. Several investigators have measured high rates of nitrogen fixation in pelagic Sargassum, at rates ranging from 0.02 to 4.5 pg N (m* h-I))' (Carpenter 1972; Hanson 1977) , with rates proportional to age of the alga and its epiphytic biomass (Phlips et al. 1986 ). The cyanobacteria responsible for most of the activity is a nonheterocystous bundle form that wraps around the host and tufts of Calothrix (Phlips et al. 1986 ). Capone and Carpenter (1982) estimated that this community accounts for 0.018X10' g N yr'.
Conclusions
Cyanobacteria bloom in marine waters throughout the world's oceans, with Nodularia and Aphanizomenon dominating inshore low-salinity regions such as the Baltic Sea and Peel-Harvey estuary and Trichodesmium the major primary producer and diatom-cyanobacteria symbionts the principal oceanic taxa. These autotrophic populations provide large annual inputs of new nitrogen to low-latitude oceans and seas. A unique ability for die1 regulation of buoyancy in stratified water columns ensures maintenance of vegetative, nonsymbiotic populations in optimal light intensities for growth, permitting light-dependent fixation of dinitrogen to supply cellular nitrogen requirements. The high rates of release of organic compounds and high rates of herbivory in oceanic Trichodesmium populations suggest that additional work must be done to balance production vs. losses in this taxon, as release rates of >50% of colony nitrogen coupled with 30% losses to herbivory each day indicate little growth potential. However, regardless of the partitioning of the fate of bloom production, blooms of Nodularia, Aphanizomenon, and Trichodesmium are largely mineralized in the surface mixed layer to support a large and active bacterial community and an associated microbial food web.
Toxicity in Nodularia and Aphanizomenon may reduce planktonic herbivory by some herbivores as well as reduce bacterial and microheterotroph community development in some instances; in contrast, toxin-resistant harpacticoid copepods can effectively graze some portions of Trichodesmium in situ. Finally, there can be no doubt of the substantial contributions of nitrogen made by these marine cyanobactcria blooms, as major sources of new nitrogen in nitrogenpoor waters of the Baltic Sea, Australian coast, and lowmidlatitude oceanic regions.
